Sigmodontinae rodents constitute the second-largest subfamily among mammals. Alongside the taxonomic diversity, they are also ecologically diverse, exhibiting a wide array of locomotion modes, with semifossorial, terrestrial, semiaquatic, scansorial, arboreal, and saltatorial forms. To understand the ecomorphologic aspects that allow these rodents to display such locomotion diversity, we analyzed 35 qualitative characters of the appendicular skeleton (humerus, ulna, radius, scapula, femur, tibia, ilium, ischium and pubis) in 795 specimens belonging to 64 species, 34 genera and 10 tribes, representing all locomotion modes assigned to this subfamily. We performed a statistical analysis based upon the coefficient of trait differentiation to test the congruence of character states and the different locomotion modes. We also mapped characters states in a molecular phylogeny in order to reconstruct ancestral states and to evaluate how appendicular characters evolved within main lineages of Sigmodontinae radiation under a phylogenetic framework. The statistical analyses revealed six characters related to specific locomotion modes, except terrestrial. The mapping and parsimony ancestral states reconstruction identified two characters with phylogenetical signal and eight characters that are exclusively or more frequently recorded in certain modes of locomotion, four of them also detected by the statistical analysis. Notwithstanding the documented morphological variation, few changes characterize the transition to each of the locomotion modes, at least regarding the appendicular skeleton. This finding corroborates previous results that showed that sigmodontines exhibit an all-purpose appendicular morphology that allows them to use and explore a great variety of habitats.
Introduction
In addition to a more typical cursorial locomotion, rodents display a wide array of locomotion modes, including aquatic, arboreal and fossorial forms, which are represented in each of the three main lineages of the order. Ecological morphology, also known as ecomorphology, was first defined by Van der Klaauw (1948) as 'the study of the relationship between the morphology of the organism and its environment'. Since the 1960s, several studies have begun to explore the relationship between morphology and the ecological space that the species occupy (e.g. Grant, 1968; Gatz, 1979; Fish, 1993) . The anatomy of the postcranial skeleton of rodents and its association with variation in locomotion modes has been studied in an ecomorphologic context (Hatt, 1932; Lehmann, 1963; Biknevicius, 1993; Morgan & Verzi, 2006 , 2011 Samuels & Van Valkenburgh, 2008; Coutinho et al. 2013; Carrizo et al. 2014a,b) . Using diverse approaches, such as multivariate analysis, comparative methods and mapping characters in phylogenies, these studies were able to unveil quantitative and qualitative characters that could be related to the different locomotion modes exhibited by rodents. In recent years, some studies have addressed ecomorphological analysis under a phylogenetic framework so as to provide clues on how morphological variation evolved and diversified in the different lineages (Morgan & Verzi, 2006; Rocha et al. 2007; Morgan & Alvarez, 2013; Carrizo et al. 2014b ).
The rodent subfamily Sigmodontinae Wagner, 1843 constitutes the largest subfamily of Cricetidae, and the secondlargest among extant mammals, encompassing almost 30% of Neotropical mammal diversity, with 86 genera and about 400 species (Patton et al. 2015) . The Sigmodontinae constitutes a recent adaptive radiation, starting from late Miocene through Pliocene (Parada et al. 2015) and shows a wide range of taxonomic diversity, with species distributed in 11 lineages, regarded as tribes: Akodontini, Abrotrichini, Andinomyini, Euneomyini, Ichthyomyini, Oryzomyini, Phyllotini, Reithrodontini, Sigmodontini, Thomasomyini and Wiedomyini (Salazar-Bravo et al. 2016) , as well as several incertae sedis genera.
Throughout their range, the Sigmodontinae occur in almost all habitats, which include wet tropical and temperate forests, wetlands, scrublands, savannas, steppes, high elevation grasslands, deserts, and salt flats (Hershkovitz, 1962) , across an elevation gradient ranging from sea level to nearly 5000 m (Patton et al. 2015) . Sigmodontines also exhibit a great variety of locomotion modes, with semiaquatic, terrestrial, semifossorial, fossorial, scansorial and arboreal forms (Hershkovitz, 1948 (Hershkovitz, , 1955 (Hershkovitz, , 1960 (Hershkovitz, , 1962 Pearson, 1984) . Despite the high diversity of Sigmodontinae and the remarkable ecological diversity, relatively few studies have been conducted on the locomotion modes and associated morphological variation in this group (Hershkovitz, 1948 (Hershkovitz, , 1955 (Hershkovitz, , 1960 (Hershkovitz, , 1962 (Hershkovitz, , 1969 (Hershkovitz, , 1972 Stein, 1988; Voss, 1988; Neves, 2003; Rivas & Linares, 2006; Rivas-Rodr ıguez et al. 2010; Carrizo & D ıaz, 2011; Coutinho et al. 2013; Carrizo et al. 2014a,b) . Lund (1840) was the first to examine characters of the appendicular skeleton of Sigmodontinae rodents, primarily in a taxonomic context, but also in order to relate the appendicular variation to the different locomotion modes. The relationship between morphological variation and locomotion modes in sigmodontines was also investigated on the basis of external morphological traits (e.g. Hershkovitz, 1948 Hershkovitz, , 1955 Hershkovitz, , 1960 Hershkovitz, , 1962 Hershkovitz, , 1969 Hershkovitz, , 1972 . Stein (1988) , Neves (2003) , Rivas & Linares (2006) , Rivas-Rodr ıguez et al. (2010) and Carrizo & D ıaz (2011) studied the variation of the postcranial skeleton of the sigmodontine rodents, as well as external characters, in order to relate them to the different locomotion modes. Carrizo et al. (2014a) were the first to consider the phylogenetic context in an ecomorphological analysis of musculotendinous system. Carrizo et al. (2014b) examined postcranial characters in an ecomorphological context, performing a statistical analysis and also carrying out the first character mapping for qualitative appendicular characters of sigmodontine rodents.
So far these studies revealed examples, for select sigmodontine rodents, of a clear relationship between both external and skeletal characters and locomotion modes; nevertheless, analyses in a phylogenetic context are still rare. In the present study, we performed an extensive survey of qualitative characters from the appendicular skeleton of Sigmodontinae forms, represented by 34 genera, 64 species and 795 specimens, encompassing 10 tribes as well as select incertae sedis genera, so as to include all locomotion modes reported for the subfamily. Our main goals were: (i) to document and analyze qualitative variation of the appendicular skeleton of sigmodontine rodents representing all locomotion modes; (ii) to verify whether ecomorphologic relationships described for other groups apply to sigmodontines; (iii) to investigate whether a priori classifications of the locomotion categories are supported or refuted by the analysis of appendicular skeleton, and (iv) to map and reconstruct the ancestral states of the qualitative characters states in relation to an independent phylogenetic framework in order to explore how appendicular variation is distributed across lineages and the different locomotion modes, as well as to portray and discuss, for the first time, the evolution of appendicular characters in the subfamily.
Material and methods

Material examined
Our sample consisted of 795 specimens representing 64 species and 34 genera (Table 1 , Supporting Information Appendix S1). This sample includes all locomotion modes exhibited by Sigmodontinae (terrestrial, semifossorial, scansorial, arboreal, saltatorial and semiaquatic) and represents 10 tribes: Abrotrichini, Andinomyini, Akodontini, Euneomyini, Phyllotini, Oryzomyini, Reithrodontini, Sigmodontini, Thomasomyini, Wiedomyini, in addition to the incertae sedis genera Delomys and Juliomys.
Specimen identification on museum labels was checked using cranial and external characters summarized in recent reviews and taxonomic keys (e.g. Patton et al. 2015) . A list of museum numbers of examined specimens is provided as Appendix S1 to allow future reevaluation of species identification. Examined specimens varied in total body length from 113 mm (Thaptomys nigrita) to 417 mm (Holochilus brasiliensis) and are from localities in Argentina, Brazil and the USA. Since appendicular skeleton samples are usually small, to increase sample sizes, analyses included male and female specimens, in accordance with previous findings that sexual dimorphism is usually inconspicuous among Cricetidae (Voss & Marcus, 1992; Tribe, 1996) . On the other hand, infant and juvenile specimens were excluded from the analyses because age variation could affect the interpretation of morphological patterns. Specimens were sorted into four relative age classes, defined on the basis of eruption and wear of molar teeth (Carleton & Musser, 1989; Voss & Marcus, 1992) and the degree of exposure of molar roots (Oliveira et al. 1998) , as previously discussed in Coutinho et al. (2013) ; only the age classes adult and old were considered.
Determination of locomotion modes
Groups of locomotion modes were recognized on the basis of previous assignments of species to locomotion modes recorded in the literature of sigmodontine rodents, which have determined habitat preferences from frequencies of captures in different vegetation strata, as well as from external morphological characters (Table 1) . The species analyzed in the present study include the following locomotion categories (Table 1) : terrestrial -species that usually move on the ground and do not have specializations that restrict any particular activity (Carrizo et al. 2014a,b) ; saltatorial -species which progress with a series of leaps that extend simultaneously both limbs, lifting the body completely off the ground and forward (Carrizo et al. 2014b ); scansorial -mainly use not only the ground and lower strata of the forest but also the shrub layer and canopy (Vieira & Monteiro-Filho, 2003) ; arboreal -species that can occur in trees, bushes, and on rocks (saxicolous; Carrizo et al. 2014b ); semiaquatic -species that regularly swim for dispersal, escape or foraging (Samuels & Van Valkenburgh, 2008) ; semifossorial -species that usually dig simple burrows for shelter or when foraging underground, mostly using their forelimbs (Carrizo et al. 2014a,b) . Regarding this last category, we decided to include as semifossorial the species classified in the literature as 'fossorial' (e.g. 
Appendicular skeleton characters
We examined 35 qualitative characters present in the humerus, ulna, radius, scapula, femur, tibia, ilium, ischium and pubis, part of which was already related to different locomotion modes in small mammals in previous studies (Carleton, 1980; Steppan, 1995; Argot, 2001 Argot, , 2002 Szalay & Sargis, 2001; Sargis, 2002; Candela & Picasso, 2008; Salton & Sargis, 2008; Flores, 2009; Carrizo et al. 2014b) . Characters 2, 3, 4, 10, 22, 28, 29, and 31 (Table 2) were originally described and investigated here, to access their relationship to the different locomotion modes exhibited by the sigmodontine rodents. For the anatomical terminology we follow previous descriptions of rodents and other mammals (e.g. Hatt, 1932; McEvoy, 1982; Schaller, 1999; Argot, 2001 Argot, , 2002 Szalay & Sargis, 2001; Candela & Picasso, 2008; Salton & Sargis, 2008; Flores, 2009 ).
The analysis was performed using a stereomicroscope at 10-409 magnification. Whenever possible, bones of the right side of the appendicular skeleton were examined; however, when these were damaged or missing, bones from the left side were used.
Statistical analysis
To investigate whether the appendicular skeleton characters (t) can discriminate the different locomotion modes (l) exhibited by the Sigmodontinae, we performed a statistical analysis based upon the coefficient of trait differentiation proposed by Carrizo et al. (2014b) . To do so, we constructed two tables: Table (L) , which represents locomotion modes, is a (g 9 l) matrix that codes the set of genera (g) to a locomotion (l) mode (assigning 0s and 1s based on whether the genus presents a locomotion mode or not); Table (T) , which represents the appendicular traits, is a matrix of size (g 9 a) that denotes the presence (1) or absence (0) of a given trait attribute across the set of specimens studied, and was accessed after converting the original categorical variables into dummy ones. All calculations were made using Carrizo et al.'s (2014b) script implemented in the R statistical software (R Development Core Team, 2011).
When analyzing whether a trait attribute is closely tied to a certain locomotion mode, two parameters were calculated: (i) the first parameter (representativeness) is the intrinsic incidence, which is the fraction of specimens in a certain mode of locomotion showing the analyzed character; (ii) the second parameter (differentiation) is the ratio between the intrinsic incidence and the highest extrinsic incidence of the same set of characters in different locomotion modes (Carrizo et al. 2014b ). To determine their significance and to ensure that the observed character is related to a certain locomotion mode, these parameters must be above certain thresholds: 0.5 and 2 for the first and second parameters, respectively (Carrizo et al. 2014b ).
Character mapping and ancestral states reconstruction
We mapped the character states of the appendicular characters in a phylogeny in the search for patterns of variation among the main We used the phylogenetic hypothesis of Parada et al. (2015) , constrained to include only the taxa represented in the present study. This phylogenetic hypothesis was based on sequences of IRBP (first exon of the nuclear gene interphotoreceptor retinoid) and Cyt-b (cytochrome b, mitochondrial) genes, which are known to evolve at different rates and that have traditionally been regarded as a good choice for performing phylogenetic reconstructions (D'El ıa, 2003; Weksler, 2003) . The phylogeny of Parada et al. (2015) was chosen for its extensive taxonomic sampling and its focus on the influence of the ecological and geographical context on the Sigmodontinae radiation and evolutionary history. Their maximum clade credibility tree was able to recover, with a high posterior probability (PP = 1), the monophyly of the Sigmodontinae, as well as that of the tribes Abrotrichini, Akodontini, Phyllotini, Oryzomyini and Thomasomyini. These results were already obtained in previous studies (Steppan et al. 2004; D'El ıa et al. 2006; Parada et al. 2013; Leite et al. 2014 ), some of which used different loci (e.g. 12 rRNA, BRCA1, COX3, GRH, RAG1) and reconstruction methods (maximum parsimony and maximum likelihood). More recently, Pardiñas et al. (2015) defined and diagnosed the Euneomyini tribe on the basis of anatomical characters and nuclear and mitochondrial markers, confirming previous studies that had indicated that this group was a unique branch of the sigmodontine radiation (Mart ınez et al. 2012; Parada et al. 2013; Salazar-Bravo et al. 2013; Schenk et al. 2013; Ventura et al. 2013; Pardiñas et al. 2014) . Finally, the Andinomyini tribe, grouping Andinomys and Punomys, was also recently recognized on the basis of anatomical and molecular characters (Salazar-Bravo et al. 2016) .
Results
Statistical analysis
The statistical analysis based upon the coefficient of trait differentiation showed that six appendicular characters are related to four locomotion modes studied (Table 3) . Terrestrial and semiaquatic sigmodontines were not defined by any particular trait. Saltatorial taxa presented a higher frequency of a more spherical femoral head (Fig. 1D ). Scansorial taxa presented a callus in the anterior crest of the tibia (Fig. 2B) . Arboreal genera presented a medial lesser trochanter projection of the femur (Fig. 3B ). The semifossorial sigmodontines analyzed presented a higher greater tuberosity of the humerus (Fig. 4C) , a mesial extension of the greater sigmoid cavity (Fig. 5D) , and a medial curvature of olecranon process (Fig. 5D ).
The mapping and the parsimony reconstruction of ancestral states revealed two characters with phylogenetic signal (characters 4 and 12; Tables 2 and 3) and 8 characters that were exclusively or more frequently recorded in certain modes of locomotion. Four of the 8 characters were already detected by the statistical analysis (characters 5, 13, 15, and 25; Tables 2 and 3).
Humerus
We analyzed nine characters and associated 21 character states (Table 2) . Four characters were found to be related to specific locomotion modes, and one presented a phylogenetic signal. The humerus was the most variable bone in number of character states recorded.
Character 1: Shape of olecranon fossa: (0) open (Fig. 6A ); (1) closed (Fig. 6B) . Located in the distal portion of the humerus, above the trochlea and capitulum, it is the place of articulation of the olecranon process in the elbow joint. There is a higher frequency of a closed fossa in arboreal forms (Fig. 7;  As defined by Carrizo et al. (2014b) : 'Rp indicates the chance of observing each character within a given locomotive type (representativeness score). Df represents the quotient of the previous score vs. the highest probability of observing such character in another locomotor type (differentiation score).'
Character 2: Deltopectoral crest tip: (0) slender (Fig. 6D ); (1) thick (Fig. 6C) . In an anterior view of the humerus, the tip of the deltopectoral crest can be slender, forming a thin blade, or thick, assuming a globular shape. This region is the insertion site of four muscles: M. clavodeltoideus and M. acromiodeltoideus (deltoid group) and M. pectoralis major and minor (pectoral group; McEvoy, 1982) . All semifossorial sigmodontines as well as Abrothrix (terrestrial), Irenomys (arboreal), Scapteromys (semiaquatic) and Tapecomys (scansorial) presented only the thick condition ( Fig. 8 ; Table 4 ). The scansorial and semiaquatic animals, except Scapteromys and Tapecomys, presented both conditions. A higher frequency of the thick crest tip was recorded in these locomotion modes, except for Holochilus (Table 4) . Species presenting other locomotion modes frequently exhibited the slender condition; the thick crest tip was recorded in low frequencies, except for Akodon and Zygodontomys.
Ancestors of both the Sigmodontinae and Oryzomyini are hypothesized to have presented only the slender condition, whereas those of Akodontini and Abrotrichini are postulated to have presented only the thick tip. Both conditions are postulated for Euneomyini, Thomasomyini and Phyllotini ancestors.
Character 4: Medial epicondyle tip: (0) absent (Fig. 6B) ; (1) present (Fig. 6A ). In the distal portion of the humerus, the medial epicondyle marks the origin site of M. pronator teres and M. flexor carpi radialis (flexor group of the forearm; McEvoy, 1982) . The presence of a medial epicondyle tip was recorded only in the Akodontini (Fig. 9) ancestor, but also arises independently in some recent genera. It is absent in the Sigmodontinae ancestor, as well as in the ancestors of all other tribes of this subfamily.
Character 5: Relative height of the greater tuberosity: (0) lower (Fig. 4A) ; (1) same height (Fig. 4B) ; (2) higher (Fig. 4C ). In the posterior and proximal view of the humerus, it is possible to evaluate the relative height of the greater tuberosity in relation to the humeral head. Candela & Picasso (2008) and Szalay & Sargis (2001) already discussed the functional implications of this trait among Caviomorph rodents and marsupials. The M. supraspinatus and M. infraspinatus (suprascapular group) inserts in this tuberosity, whereas M. subscapularis (latissimus-subscapular group) attaches to the lesser tuberosity (McEvoy, 1982) , which is always lower than the humeral head in the sigmodontines analyzed herein.
Arboreal (Irenomys, Juliomys, Oecomys, Rhagomys, Rhipidomys, and Wiedomys), scansorial (Oligoryzomys and Tapecomys) and saltatorial (Eligmodontia) genera always presented the lower or same height condition (Fig. 10) , with the first being more frequent and never exhibiting the higher state. The higher condition appears more frequently in semifossorial and semiaquatic sigmodontines (Table 4) , with all representatives always presenting this state, except Oxymycterus. The subfamily ancestor presented the lower and same height conditions. The ancestors of all tribes exhibited only the 'lower' condition.
Character 9: Shape of humeral head: elongated (Fig. 4D) ; rounded (Fig. 4E) . The shape of the humeral head is examined in a superior view of the proximal region of the humerus. Several authors (Argot, 2001; Sargis, 2002; Salton & Sargis, 2008) already noted that the humeral head can be either elongated anteroposteriorly or display a rounded shape, and they discussed the functional implications of this variation.
All arboreal species, except Irenomys, presented only a rounded head (Fig. 11) . A rounded head was seen also in terrestrial and semiaquatic animals, albeit in a low frequency (Table 4) , except for Euryoryzomys, Hylaemys and Sooretamys.
The subfamily ancestor, as well as the ancestors of all the tribes except Thomasomyini, presented an elongated humerus head.
Ulna
We analyzed six characters and 13 character states (Table 2) . Of those, two exhibited ecomorphologic relationships to the locomotion modes, and one displayed a phylogenetic signal.
Character 12: Longitudinal groove of the ulna: (0) absent (Fig. 5A) ; (1) shallow (Fig. 5B) ; (2) deep (Fig. 5C ). In the lateral region of the ulna, the longitudinal groove is the origin site for the M. extensor carpi ulnaris (extensor group of the forearm) and the insertion point of M. anconeus (triceps group; McEvoy, 1982) . Flores (2009) observed that arboreal didelphid marsupials tend to have a deeper longitudinal groove.
In our sigmodontine sample, this trait showed a phylogenetic signal; a shallow groove is present in the ancestor of the subfamily, as well as in the ancestors of the tribes Reithrodontini, Euneomyini, Akodontini and Thomasomyini, and in their descendants, with the exception of Rhagomys, in which the groove was absent (Fig. 12) . The genera in these tribes also presented the deep conditions as polymorphisms. The ancestors of the Wiedomyini, Abrotrichini, Phyllotini and Oryzomyini show only the deep condition (Fig. 12) , which is also present in their descendants. The absent and shallow conditions are also recorded as polymorphisms in some recent genera in these tribes. Character 13: Mesial extension of the greater sigmoid cavity: (0) absent (Fig. 5E); (1) present (Fig. 5D) . The mesial extension of the greater sigmoid cavity was evaluated in an anterior view of the proximal region of the ulna, as previously discussed by Flores (2009) . The anconeus process is the frame of reference -if the greater sigmoid cavity surpasses the anconeus process, it is present, if not, absent. A higher frequency of the mesial extension was recorded in semifossorial and semiaquatic genera ( Fig. 13; Table 4 ), except for Holochilus, whereas a lower frequency was recorded in terrestrial, scansorial, and arboreal genera; when present, it was in a low frequency, except for the terrestrial Abrothrix.
The subfamily ancestor, as well as the ancestors of all the tribes except Abrotrichini and Akodontini, did not present the medial extension of the greater sigmoid cavity of the ulna.
Character 15: Medial curvature of olecranon process: (0) absent (Fig. 5E); (1) present (Fig. 5D ). In the anterior view of the proximal region of the ulna, it is possible to evaluate the medial curvature of the olecranon process. This is the origin region for the M. flexor carpi ulnaris (flexor group of the forearm) and the insertion site for the M. triceps brachii caput medialis and longus (triceps group; McEvoy, 1982) . This character has already been evaluated in previous studies (Vassallo, 1998; Lessa et al. 2008; Carrizo et al. 2014b) .
The presence of the medial curvature was seen more frequently in semifossorial genera (Fig. 14) . This condition was also present in some terrestrial and semiaquatic genera -Akodon and Abrothrix (terrestrial), but in low frequencies, except for the semiaquatic Scapteromys (Table 4) .
The subfamily ancestor as well as the ancestors of all tribes, except Akodontini and Abrotrichini, exhibited the absent condition.
Femur
We analyzed six characters that exhibited 13 character states (Table 2) . Of those, only one exhibited an ecomorphologic relationship to the arboreal locomotion mode.
Character 25: Lesser trochanter projection: (0) posteromedial (Fig. 3A) ; (1) medial (Fig. 3B) . In the anterior view of for this variation have already been discussed by several authors (Taylor, 1976; Argot, 2002; Candela & Picasso, 2008; Carrizo et al. 2014b) . A medial projection was only recorded among arboreal genera (Fig. 15) , except for Wiedomys. The posteromedial condition was also postulated for the ancestors of the subfamily and of all tribes, except Thomasomyini.
Tibia
We analyzed three characters that exhibited seven character states (Table 2) . Of those, only one exhibited an ecomorphologic relationship to locomotion modes.
Character 29: Crest in the soleal line: absent (Fig. 3C) ; underdeveloped (Fig. 3D) ; developed (Fig. 3E) . In some Fig. 8 Parsimony ancestral character state reconstruction of character 2 (deltopectoral crest tip -humerus), mapped on the maximum clade credibility tree of Parada et al. (2015) . State 0 (white): slender; state 1 (black): thick. Font color indicates locomotion mode: black -terrestrial; greenarboreal; orange -semifossorial; pink -saltatorial; brown -scansorial; and blue: semiaquatic. Fig. 9 Parsimony ancestral character state reconstruction of character 4 (medial epicondyle tip -humerus), mapped on the maximum clade credibility tree of Parada et al. (2015) . State 0 (white): absent; state 1 (black): present. Font color indicates locomotion mode: black -terrestrial; green -arboreal; orange -semifossorial; pink -saltatorial; brown -scansorial; and blue: semiaquatic.
sigmodontines there is a development of the soleal line in the posterior region of the tibia, which acquires a crest-like shape. This region is the insertion area for the M. popliteus, and origin site for the M. tibialis posterior and M. digitorum tibialis -all of these muscles are part of the flexor group of the leg (McEvoy, 1982) .
The semifossorial sigmodontines display a higher frequency of the developed condition ( Figs 3E and 16 ). Whenever they exhibited the underdeveloped state, it was in a low frequency (Table 4) , except for Blarinomys, Paynomys and Thaptomys. Moreover, the latter is also the only semifossorial genus that presents the absent condition. Whenever the developed condition appears in other locomotion types, it is in a low frequency (Table 4) , except for Akodon, Holochilus and Scapteromys. In arboreal and scansorial forms, the absent condition has been recorded more frequently. However, in other locomotion modes this state appears Fig. 10 Parsimony ancestral character state reconstruction of character 5 (relative height of the greater tuberosity -humerus), mapped on the maximum clade credibility tree of Parada et al. (2015) . State 0 (white): lower; state 1 (green): same height; state 2 (black): higher. Font color indicates locomotion mode: black -terrestrial; green -arboreal; orange -semifossorial; pink -saltatorial; brown -scansorial; and blue: semiaquatic. Fig. 11 Parsimony ancestral character state reconstruction of character 9 (shape of humeral head), mapped on the maximum clade credibility tree of Parada et al. (2015) . State 0 (white): elongated; state 1 (black): rounded. Font color indicates locomotion mode: black -terrestrial; greenarboreal; orange -semifossorial; pink -saltatorial; brown -scansorial; and blue: semiaquatic.
in low frequencies, except in terrestrial Euryoryzomys, Hylaemys and Reithrodon (Table 4) .
The subfamily ancestor and the ancestors of Akodontini, Wiedomyini, Abrotrichini, Phyllotini and Oryzomyini are hypothesized to have shown only the underdeveloped condition, whereas in those of Reithrodontini, Euneomyini, and Thomasomyini the crest in the soleal line was absent.
Radius, scapula and pelvis
We analyzed one character of the radius that displayed two character states (Fig. 18) , five characters of the scapula that exhibited 12 states (Figs 19 and 20) , and five characters of the pelvis that showed 11 character states (Figs 21 and 22 ; Table 2 ). However, neither the statistical analysis and character mapping, nor the ancestral Fig. 12 Parsimony ancestral character state reconstruction of character 12 (longitudinal groove -ulna), mapped on the maximum clade credibility tree of Parada et al. (2015) . State 0 (white): absent; state 1 (green): shallow; state 2 (black): deep. Font color indicates locomotion mode: blackterrestrial; green -arboreal; orange -semifossorial; pink -saltatorial; brown -scansorial; and blue: semiaquatic. Fig. 13 Parsimony ancestral character state reconstruction of character 13 (mesial extension of the greater sigmoid cavity -ulna), mapped on the maximum clade credibility tree of Parada et al. (2015) . State 0 (white): absent; state 1 (black): present. Font color indicates locomotion mode: black -terrestrial; green -arboreal; orange -semifossorial; pink -saltatorial; brown -scansorial; and blue: semiaquatic.
character state reconstruction revealed any ecomorphological relation to the locomotion modes exhibited by sigmodontines.
Discussion
The present study examined the most extensive sampling of qualitative traits of the appendicular skeleton of Sigmodontinae rodents to date. By statistically analyzing this variation in an ecomorphological context and by mapping character states in a molecular phylogeny we associated 10 characters to the locomotion modes assigned to the sigmodontines, except the terrestrial, and also revealed two characters with a phylogenetic signal. The mapping procedure allowed an appraisal of the distribution of appendicular characters across the subfamily and the parsimony Fig. 14 Parsimony ancestral character state reconstruction of character 15 (medial curvature of olecranon process -ulna), mapped on the maximum clade credibility tree of Parada et al. (2015) . Font color indicates locomotion mode: black -terrestrial; green -arboreal; orange -semifossorial; pink -saltatorial; brown -scansorial; and blue: semiaquatic. Fig. 15 Parsimony ancestral character state reconstruction of character 25 (lesser trochanter projection -femur), mapped on the maximum clade credibility tree of Parada et al. (2015) . Font color indicates locomotion mode: black -terrestrial; green -arboreal; orange -semifossorial; pinksaltatorial; brown -scansorial; and blue: semiaquatic.
ancestral character states allowed us to hypothesize how these characters have evolved along the main lines of sigmodontine radiation (tribes).
The semifossorial sigmodontines only exhibit the thickened tip condition of the deltopectoral crest of the humerus (Figs 6C and 8 ; Tables 2 and 4), but this state was also recorded in higher frequencies in scansorial and semiaquatic animals (Table 4 ). The thickened tuberosity promotes greater insertion area for the M. clavodeltoideus, M. pectoralis major and minor, and M. acromiodeltoideus. The first three act synergistically in adduction and internal rotation movements of the humerus, which would aid in placing the distal part of the forelimb into a medial position when the elbow is flexed (McEvoy, 1982) . On the other hand, M. acromiodeltoideus is responsible for the protraction and abduction movements of the forelimbs. With a greater insertion area for these muscles, more powerful forces are provided by the forelimbs, essential for digging and swimming movements (Samuels & Van Valkenburgh, 2008) , and to allow movements in the scansorial locomotion (McEvoy, 1982) . To clarify this pattern in the arboreal sigmodontines, we suggest increasing the sample size, since in our sample there is a 50/50 frequency of the thick condition in Rhagomys and Rhipidomys genera (Table 4 ). The semifossorial sigmodontines exhibited the higher condition of the greater tuberosity of the humerus ( Fig. 4C ; Tables 3 and 4) . This pattern is related to an increased need for stabilization of the shoulder, which also restricts the mobility of the glenohumeral joint to a parasagittal plane (Szalay & Sargis, 2001) . Because semifossorial rodents are adapted to a stronger extension of the shoulder and the elbow joint, a steady articulation is important (Vassallo, 1998) . As for the mesial extension of the greater sigmoid cavity of the ulna (Figs 5D,  E and 13; Tables 3 and 4 sigmoid cavity contributes to the safety of the elbow joint, since the humeral trochlea rests in this cavity and acts like a pivot during elbow joint movement (Flores, 2009) . The safety of the elbow joint is particularly important due to the strong extension of the shoulder and elbow joint of the scratch-diggers (Vassallo, 1998) and the semiaquatic rodents, as these animals need to overcome water resistance to be able to move around in the water (Stein, 1981 (Stein, , 1988 ).
There is a higher frequency of the medial curvature of the olecranon process (Figs 5D and 14 ; Tables 3 and 4) in semifossorial sigmodontines. This pattern was observed in other semifossorial mammals (Hildebrand, 1985; Vassallo, 1998; Lessa et al. 2008 ) and sigmodontines (Carrizo et al. 2014b) . The curvature of the olecranon process (i.e. curvature of the ulna), determines the line of action of digital and carpal flexor muscles; in semifossorial forms, a greater curvature provides powerful forces for muscles that insert and originate in the olecranon and in the medial epicondyle of the humerus (M. triceps brachii caput medialis and longus, M. palmaris longus, M. flexor carpi ulnaris; Hildebrand, 1985; Vassallo, 1998; Fern andez et al. 2000) .
The semifossorial genera exhibit a higher frequency of the developed condition of the crest in the soleal line of the tibia (Figs 3E and 16 ; Tables 2 and 4 ). This region is the origin site of M. tibialis posterior and M. digitorum tibialis, and the insertion site for M. popliteus. A greater development of these muscles ensures a powerful flexion of the leg, which is important to maintain a stable position, as digging tends to push the body backwards as soil resists (Samuels, 2007) , and also emphasizes the knee joint flexion and pronation movements (Schaller, 1999) . Scansorial and arboreal sigmodontines either lack or present an underdeveloped crest in the soleal line of the tibia, limiting the insertion area for the flexors of the leg, which results in a more tenuous action of these muscles in these locomotion modes. This pattern has been found in squirrels, in which terrestrial forms presented greater development of the M. popliteus than the arboreal ones (Rose & Chinnery, 2004) . Despite the controversy in the literature regarding the classification of some genera as either semifossorial or fossorial, Samuels & Van Valkenburgh (2008) observed that fossorial rodents exhibit basically the same specializations seen in semifossorial ones, albeit to a greater degree. We did not find differences in the character states recorded for genera assigned in the literature as semifossorial or fossorial reflecting distinct degrees of specialization for digging that could justify the allocation of the genera studied to different locomotion modes. This could also be related to the fact that sigmodontines have only a scratch-digging mode of digging, which is characterized by the alternate flexion and extension of the forelimbs (Stein, 2000) . In this digging mode, the claws of the manus are used to break up and loose the soil, which is pushed or flung posteriorly with the pads of the forefeet (Stein, 2000; Hopkins, 2005; Tulli et al. 2016) .
Arboreal forms exhibit more frequently a closed olecranon fossa (Figs 6B and 7; Tables 2 and 4), a condition that prevents a complete extension of the ulna and probably limits the stability of the elbow joint during extension of the forearm. This condition has also been documented in other arboreal rodents and marsupials, in which it has been associated with the relatively movable elbow joint and flexed posture characteristic of arboreal species (Argot, 2001; Szalay & Sargis, 2001; Sargis, 2002; Candela & Picasso, 2008) .
The greater tuberosity of the humerus (Figs 4A-C and 10; Tables 2 and 4) was never higher, but rather lower than the humeral head, in arboreal, scansorial and saltatorial genera. This condition also appears to be a good indicator of arboreal habits in rodents (Rose & Chinnery, 2004) , being found in several other arboreal mammals, such as Caviomorph rodents and marsupials (Szalay & Sargis, 2001; Sargis, 2002; Rose & Chinnery, 2004; Candela & Picasso, 2008) . A lower tuberosity allows movements in the glenohumeral joint (scapula-humerus) required for climbing (Candela & Picasso, 2008) , as rotator-cuff muscles that participate in the movements of the shoulder joint (M. supraspinatus, M. infraspinatus, and M. subscapularis) are inserted in these tuberosities. The M. supraspinatus protracts and abducts the humerus on arrival movements, the M. infraspinatus acts as an abductor and external rotator of the humerus during climbing, and the M. subscapularis medially rotate the humerus and helps maintain the integrity of the shoulder joint (McEvoy, 1982) . These muscles have a larger inserting area when tuberosity is lower (Sargis, 2002) , providing a greater integrity to the shoulder joint, which is otherwise subject to displacement due to the higher degree of stress suffered during the climbing movements (McEvoy, 1982) . Arboreal sigmodontines also presented a higher frequency of rounded humeral head (Figs 4E and 11; Tables 2 and  4) , which was also reported by Carrizo et al. (2014b) in the saxicolous Chinchillula, and in some scansorial (Oligoryzomys and Tapecomys) and terrestrial genera. It is already known that humeral head shape can vary with locomotion behavior (Argot, 2001; Sargis, 2002; Salton & Sargis, 2008) . Arboreal mammals tend to have a more rounded humeral head, which increases the range of the rotational movements in all directions (multiaxial; Argot, 2001) . The arboreal specimens exhibited a higher frequency of a medial lesser trochanter projection of the femur (Figs 3B and 15; Table 3 ), which was also already reported for sigmodontines by Carrizo et al. (2014b) . The medial orientation of the lesser trochanter increases the flexor, external rotation, and protraction functions of the femur by the M. iliacus and M. psoas major, and act during the recovery phase of climbing, moving forward the leg while abducting, and externally rotating the femur, and medially adducting the feet in the arboreal substrate (Taylor, 1976; McEvoy, 1982; Argot, 2002; Candela & Picasso, 2008) . This also improves climbing ability, since an improved rotation of the femur has consequences for the position of the foot (or, if the foot is fixed, for the mobility of the trunk; Argot, 2002) . The saltatorial Eligmodontia frequently presented a more spherical femoral head ( Fig. 1D ; Table 2), as indicated by the statistical analysis (Table 3 ). This feature accentuates the abduction range of the femur (Argot, 2002) and can be helpful in the action of the hind legs when jumping. Indeed, Eligmodontia is classified as a 'quadrupedal saltator' (Eisenberg, 1963; Taraborelli et al. 2003; Carrizo et al. 2014b) ; in this locomotion mode, the forelimbs alternate with the hindlimbs in striking the ground -which also propels the body (Eisenberg, 1963) . However, a more spherical head has been recorded regularly in arboreal animals (Argot, 2002; Candela & Picasso, 2008) , except by Carrizo et al. (2014b) , who reported this pattern for Eligmodontia, as well in some semifossorial, arboreal and terrestrial sigmodontines. In our data the only arboreal taxa to show this condition are Rhagomys and Wiedomys. This pattern also appears in a low frequency (varying from 7 to 20%) in some semifossorial (Paynomys and Deltamys) and terrestrial (Euneomys) sigmodontines, but only in Eligmodontia is this character correlated to the saltatorial locomotion mode. As only one saltatorial genus is represented in our sample, the association of this trait with the saltatorial mode may have been hampered; other representatives of this locomotion mode should be included in future studies to provide a better representation of the frequency of this trait in saltatorial sigmodontines.
Scansorial sigmodontines more frequently showed a callus in the anterior crest of the tibia ( Fig. 2B; Table 2 ), as indicated by the statistical analysis (Table 3) . However, this trait is also seen in some terrestrial (Calomys, Hylaemys, and Necromys), semifossorial (Oxymycterus) and semiaquatic (Scapteromys) genera, always in low frequencies, varying from 5 to 20%. The only two scansorial genera in our analysis are Oligoryzomys and Tapecomys, and only the first genus exhibits this trait. Considering the low frequency in which this condition appears in Oligoryzomys (10%) and in other locomotion modes, we find no support for a functional relationship in terms of substrate preference as an explanation for its presence in sigmodontine rodents, this condition probably being due to individual variation. However, it would be interesting to investigate this character in other scansorial rodents.
The characters 2 and 13 (Tables 2 and 4 ) are more frequently recorded in semifossorial and semiaquatic animals. Stein (1981 Stein ( , 1988 ) already recorded that a greater development of muscles related to the forelimbs in semiaquatic sigmodontines and marsupials could aid in overcoming water resistance when manipulating vegetation or while changing direction when swimming, as water is denser than air. Regarding Scapteromys, Hershkovitz (1969) , Massoia & Fornes (1964) , Barlow (1969) , Nowak (1999) and Polly (2007) discussed a convergence toward a shrew-like type, with specializations for aquatic and arboreal environments.
There are conflicts in the literature regarding the classification of the sigmodontines to locomotion modes, especially regarding scansorial, arboreal and semifossorial modes. For instance, some authors classified Bibimys (Massoia, 1979), Brucepattersonius (Fonseca et al. 1996) and Oxymycterus (Hershkovitz, 1994) as terrestrial. However, data from quantitative characters of the appendicular skeleton of sigmodontines provided by Coutinho et al. (2013) , as well as from qualitative characters by Carrizo et al. (2014b) , classified these rodents as semifossorial. Since this problem could be reflected in our a priori classification, we complemented our analyses with the character mapping and ancestral state reconstruction method, which do not demand a priori classifications to the locomotion modes. Five characters states related to the semifossorial locomotion mode (Figs 8, 10, 13, 14 and 16;  Tables 2 and 4) were revealed by our character mapping analysis. Brucepattersonius exhibits these five character states, but a lower frequency of the 'present' condition of character 13 ( Fig. 13 ; Table 4 ) than other semifossorial genera. Bibimys displays four of the five characters states related to the semifossorial locomotion but does not exhibit the 'present' condition of character 13 ( Fig. 13 ; Table 4 ) and displays a lower frequency of the 'present' condition of character 15 ( Fig. 14;  Table 4 ) than the other semifossorial genera, whereas Oxymycterus also presents four of the five character states but does not exhibit the 'higher' condition of character 5 ( Fig. 10; Table 4 ). Therefore, our data supports the a priori classification for these genera as semifossorial (Table 1) . Some authors have classified Necromys (Hershkovitz, 1962) and Reithrodon as semifossorial (Pearson, 1984) . However, these taxa only exhibit one character state each, out of five that are characteristic of semifossorial sigmodontines, with a higher frequency than other terrestrial genera: the 'present' condition of character 13 in Necromys ( Fig. 13 ; Table 4 ) and the 'higher' condition of the character 5 in Reithrodon ( Fig. 10; Table 4 ). Thus, our data do not support the semifossorial assignment of these genera, but rather corroborate their previous classification as terrestrial (Table 1) .
Wiedomys has been classified as either terrestrial (Pardiñas et al. 2014) or arboreal (Streilen, 1982) . There are five character states related to the arboreal locomotion (Figs 7, 10, 11, 15 and 16 ; Tables 2 and 4), indicated by our character mapping analysis. Wiedomys displays all but one of these character states -the medial projection of the lesser trochanter of the femur (Fig. 15) -and presents a lower frequency of the 'absent' condition of the crest in the soleal line compared with other arboreal genera ( Fig. 16; Table 4 ). Thus, considering that our sample only comprises nine specimens of Wiedomys, our data support its classification as an arboreal form.
Oligoryzomys has been classified as either terrestrial (Weksler, 2006) or scansorial (Hershkovitz, 1969;  Table 1 ). We classified Tapecomys primus as scansorial because this species was described by Anderson & Yates (2000) as 'at least somewhat arboreal' based on the hind feet and tail morphology. These taxa share two character states with arboreal sigmodontines: the 'lower/same height' condition of the greater tuberosity of the humerus ( Fig. 10 ; Table 4 ) and the absent crest in the soleal line ( Fig. 16 ; Table 4 ). Carrizo et al. (2014b) also found characters related to the scansorial locomotion in these genera, but Coutinho et al. (2013) suggests that the appendicular morphology of Oligoryzomys is of a generalized terrestrial kind, indistinguishable from that of terrestrial species. With our current work we cannot resolve the controversy about the locomotion mode for these genera, and we advise that these issues should be addressed in future locomotion studies.
According to the characters analyzed in the present study, the terrestrial locomotion mode was the only one not defined by a unique or more frequent character state. This may reflect the fact that terrestrial locomotion is the most general form of locomotion in sigmodontines and that species showing other locomotion modes are also able to perform it, a conclusion that is also reflected in the greater number of terrestrial species in the subfamily.
The ancestral state reconstruction was able to identify two characters that revealed phylogenetic signal. The Akodontini tribe was supported by the presence of the medial epicondyle tip of the humerus (Figs 6A and 9; Table 2), although this state arises as an evolutionary novelty in some recent genera outside the Akodontini tribe (Fig. 9) . The absence of this character (Figs 6B and 9) was the plesiomorphic condition found in all the other tribes and in the subfamily ancestor. The group comprising Wiedomyini, Abrotrichini, Phyllotini and Oryzomyini tribes, as well as the incertae sedis Delomys and Juliomys was supported by the presence of a deep longitudinal groove of the ulna (Figs 5C and 12; Table 2 ), whereas the shallow condition ( Figs 5B and 12) is the plesiomorphic one.
There is a congruence between the results obtained by the two methodologies used in this work (the statistical analysis and the mapping, and the ancestral state reconstruction), regarding the characteristics related to the locomotion modes. However, four characters were only identified by the mapping analysis (characters 1, 2, 9 and 29) and two (character 27 and 28) only by the statistical analysis based upon the coefficient of trait differentiation, as discussed above. Characters 27 and 28 were exhibited only in poorly sampled locomotion modes (i.e. scansorial and saltatorial). To evaluate whether these results represent a statistical artifice it will be necessary to include other genera showing these locomotion modes. However, it should be noted that the mapping and parsimony state reconstruction have been of great importance to understand how the appendicular diversity is distributed throughout the subfamily, besides allowing hypotheses about the ancestral states as well as revealing characters with a phylogenetic signal.
Our study shows that there is considerable variation in the appendicular skeleton of Sigmodontinae rodents. Using two different methodologies we were able to identify 10 qualitative characters that indicate an ecomorphological relationship with different locomotion modes displayed in the subfamily. The parsimony ancestral state reconstruction was also useful in revealing two characters that showed a phylogenetical signal, demonstrating that this analysis could be helpful in future phylogenetic studies of sigmodontine rodents.
Taking into account that most of our characters could not be related to any of the locomotion modes, we can state that despite the great morphological variation, there are apparently only a few changes that characterize the transition to each of the locomotion modes, at least regarding the appendicular skeleton. Hence, there is an indication that sigmodontine rodents retain an all-purpose morphology that allows them to use a variety of habitats (Carrizo et al. 2014b) .
Future studies should sample more specialized forms, such as representatives of the Ichthyomyini tribe, characters of the external anatomy, as well as characters of the axial skeleton, which have already revealed relevant results (Carrizo et al. 2014b; Carrizo & Catalano, 2015) . Since our work showed characters with a phylogenetic signal, it would also be interesting to verify the influence of phylogeny on morphological variation, through the study of quantitative data, in order to tease apart the locomotion modes of the shared evolutionary history (Morgan & Alvarez, 2013 
